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Regulation of Hearing by a Potassium
ChannelAnimals may vary in their responsiveness to sensory cues seasonally. The
transcriptional regulation of a potassium channel in the hearing organ of a fish
explains its seasonally varying sensitivity to acoustic frequencies in its
courtship vocalization.Harold Zakon
Jerome Lettvin et al. [1] and Robert
Capranica [2] first championed the
idea that peripheral sensory receptors
do more than merely pass information
on to the brain, that they filter or
organize it first. A refinement of this
notion is that sensory filtering is
adaptive or plastic, changing in
different contexts. Nothing is more
important to an organism than
reproduction, especially for those
species that reproduce seasonally
with limited time. It is not surprising,
then, that some animals’ sensory
receptors become seasonally more
sensitive to courtship signals. This is
initiated by the same hormones that
drive reproductive behaviors: the
gonadal steroids androgens and
estrogens. A paper in this edition of
Current Biology [3] highlights
hormone-dependent seasonal
variation in hearing thresholds due
to the transcriptional regulation of
a potassium channel in the hair cells of
a fish’s hearing organ. This highlights
how seasonal changes in auditory
sensitivity can be explained by the
simple transcriptional regulation
of a single ion channel gene.
The first indication of
hormone-dependent changes in
receptor tuning were in weakly
electric fish (teleosts) [4,5]. These fish
emit and sense their own weak electric
fields as well as those of conspecifics.
These fish’s electroreceptors are tuned
to their electrical emissions, and
androgens, which vary seasonally,
shift the tuning of electroreceptors
to track sex differences in the fish’s
electric discharges. Electrorecepetors,
which derive from comparable
embryological origins as hair cells
[6], express androgen receptors.
A following study of skate
(elasmobranch) electroreceptors also
found androgen-dependent shifts in
receptor tuning [7]. It was only a matterof time until similar questions were
addressed in the auditory system and
the most definitive work has been done
in a fish with acoustic communication.
The sensory receptor that detects
sound is a hair cell, so named because
of the cilia emerging from the top of the
cell that are moved back and forth by
the compression and rarefaction cycles
of a sound wave. Mammals’ exquisite
range of hearing into the tens of
kilohertz derives from active and
passive biomechanical mechanisms of
the cochlea and specializations of their
hair cells. Fish do not have a cochlea;
instead, they sense sound with a hair
cell-studded structure called the
sacculus (Figure 1) and their auditory
frequency sensitivity is dictated
primarily by the mechanics of the hair
cells. This gives them a limited hearing
range of only a few hundred hertz.
Every summer from Northern
California to Alaska, a fish named the
plainfin midshipman (so-called
because lines of bioluminescent
photophores reminded early observers
of the buttons on a midshipman’s
uniform) migrate from the deeper
coastal waters to the shallows where
males nest under rocks in the tidal
zones. There, for hours at a time, they
produce a humming sound that attracts
females to their nests. The humming is
generated by muscles that vibrate the
fish’s air-filled swimbladder at around
100 Hz [8]. A spectrogram of the
humming shows higher harmonics up
to 800 Hz. During the breeding season,
the auditory sensitivity of fish of both
sexes becomes about 10 dB more
sensitive to the most energy rich
frequencies in the male’s call [9]. It is
these frequencies that propagate best
in the fish’s acoustic environment of
the tidal zone. This enhancement of
auditory sensitivity is androgen- and
estrogen-dependent [9,10].
In an elegant study, Andrew Bass
and colleagues linked the seasonal
change in acoustic sensitivity to a(Big conductance, K) channel, whose
activation is both voltage- and
calcium-gated. BK channels are
fascinating in their own right. They are
extensively spliced and expressed in
many tissues. Notably for this study,
BK channels are expressed in hair cells,
including mammalian hair cells. In
non-mammalian vertebrates, BK
channels have been implicated in
hair cell tuning [11]. Their contribution
to tuning is in a resonant interaction
with calcium channels causing the
membrane to oscillate between
depolarization, when calcium
channels are active, and
hyperpolarization when the BK
channels kick in. The rate at which
the receptor cell cycles between
de- and hyperpolarization determines
the rate of neurotransmitter release
and, therefore, signaling to the brain.
Rohmann et al. [3] found that
blocking BK channel function by
the infusion of BK channel blockers
into the inner ear of reproductively
mature midshipman mimicked the
decrease in sensitivity to higher
frequency call components observed
in out-of-season fish (presumably
because the membrane potential of
the hair cells was less capable of
oscillating at these higher frequencies).
In support of this, they found that the
transcript abundance of BK channels
is higher in reproductively mature than
immature fish. A fine-grained analysis
showed that the abundance of BK
channel mRNA in the sacculus of
different individuals predicted well
each individual’s auditory nerve tuning.
Finally, to bring the point home, BK
channel protein was shown in saccular
hair cells with an antibody that the
group generated. Thus, seasonal
changes in the midshipman’s auditory
sensitivity can be explained by the
simple transcriptional regulation of
a single ion channel.
A number of questions arise from
this work. What is the disadvantage
to the midshipman (or any animal with
seasonal increases in sensitivity to
communication signals) of retaining
sensitivity to critical components of
a communication signal during the
rest of the year? Hair cells and
electroreceptors also express calcium
channels. Upon further examination,
will calcium channels also show
hormone-dependent modulation
underlying changes in tuning? Or is
Figure 1. The auditory apparatus of a sound-producing fish, the plainfin midshipman.
Micro-CT image of skull of a midshipman fish highlighting two large, white otoliths positioned
almost perpendicular to each other that belong to each saccule division of paired inner ears.
The smaller, round otolith towards the snout belongs to the utricle of the inner ear. Adjacent
finger-like projections belong to support structure of gills. (Photo courtesy of Mark Riccio
and Andrew Bass, Cornell University.)
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different about BK channels? Finally,
has steroid modulation of BK channels
evolved once in an ancestral vertebrate
or multiple times independently in
various lineages? BK channels are
likely to be in all vertebrate hair cells
and electroreceptors. Electroreceptors
are androgen-sensitive and, because
they have evolved multiple times, must
have evolved androgen sensitivity
independently. The hair cells of the
midshipman are androgen- and
estrogen-sensitive. This suggests
multiple co-options of BK channels for
hormone-mediated shifts in receptor
tuning in vertebrates. Do steroids
modulate BK channels of saccular hair
cells in other species of fishes that have
independently evolved sonic
communication, or in the hair cells of
the lateral line arrayed along the sides
of fish and stimulated during ritualized
whole-body vibratory courtship
displays such as in salmon [12]? It
would be fascinating to see if BK
channels are accessed repeatedly
for the evolution of seasonal
hormone-dependent shifts in tuning,
much as voltage-gated sodium
channels in muscle-derived electric
organs have been accessed twice inthe evolution of electric communication
signals in electric fishes [13].References
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Structure AnymoreA recent paper has identified the tumor suppressor APC as a linker protein
between intermediate filaments and microtubules. In the absence of APC,
intermediate filaments collapse and the cells are no longer polarized and fail
to migrate.Ronald K.H. Liem
The principal function of intermediate
filaments as described in textbooks
is structural. More recent studies
have found that intermediate filaments
are also expressed at the leading edge
of cells and are necessary for cellpolarity and migration. Interactions
between intermediate filaments and
microtubules are very important for
these functions. Intermediate filaments
(also known as 10 nm filaments) were
described in skeletal muscle cells in
1968 by the laboratory of Howard
Holtzer as being intermediate in
